Pentatricopeptide repeat (PPR) proteins compose a family of nuclear-encoded transcriptional regulators of cytoplasmic genes. They have shown dramatic expansion in copy number in plants, and although the functional importance of many remains unclear, a subset has been repeatedly implicated as nuclear restorers for cytoplasmic male sterility. Here we investigate the molecular population genetics and molecular evolution of seven single-copy PPR genes in the outcrossing model plant Arabidopsis lyrata. In comparison with neutral reference loci, we find, on average, elevated levels of polymorphism and an excess of high-frequency variants at these PPR genes, suggesting that natural selection is maintaining polymorphism at some of these loci. This elevation in diversity persists when we control for divergence and generally decreases in the flanking regions, suggesting that these genes are themselves the targets of selection. Some of the PPR genes also demonstrate elevated population differentiation, which is consistent with spatially varying selection. In contrast, no comparable patterns are observed at these loci in A. thaliana, providing no evidence for the action of balancing selection in this selfing species. Taken together, these results suggest that a subset of PPR genes may be subject to balancing selection associated with ongoing cytonuclear coevolution in the outcrossing A. lyrata, which is possibly mediated either by intergenomic conflict or by compensatory evolution.
D
ESPITE the tight and ancient mutualism between cytoplasmic and nuclear genomes, conflicts of interest can repeatedly arise due to differences in modes of inheritance (Rand et al. 2004; Burt and Trivers 2006) . For cytoplasmic genomes that experience maternal inheritance, mutations that enhance female fertility, even at a net cost to an individual's survival and total reproduction, will spread via natural selection since they enhance cytoplasmic transmission (Gouyon and Couvet 1987; Frank 1989; Budar et al. 2003) . One of the best lines of evidence for this type of cytonuclear conflict is found in the widespread phenomenon of cytoplasmic male sterility (CMS) in plants (Frank 1989; Schnable and Wise 1998; Budar et al. 2003) , where male sterility encoded in a cytoplasmic gene leads to the spread of females in hermaphroditic plant populations. In most cases, CMS can be suppressed by nuclear-encoded restorer alleles (Bentolila et al. 2002; Brown et al. 2003; Desloire et al. 2003; Kazama and Toriyama 2003; Koizuka et al. 2003) , which are selectively favored as pollen becomes limited in populations with high frequencies of CMS.
CMS has been documented in .150 plants and can persist as a reproductive polymorphism in natural populations (gynodioecy) or can appear following interspecific hybridization (Schnable and Wise 1998) . The molecular basis for CMS in a number of systems has been well documented and seems to involve the mitochondrial genome in all cases. Expression of chimeric mitochondrial open reading frames that interfere with normal mitochondrial function and pollen development lead to the male sterile phenotype (Schnable and Wise 1998) . Unexpectedly, nuclear restorer genes of CMS cloned from numerous divergent plant species appear to arise almost universally from the pentatricopeptide repeat (PPR) protein family (Bentolila et al. 2002; Brown et al. 2003; Desloire et al. 2003; Kazama and Toriyama 2003; Koizuka et al. 2003) , which is defined by the presence of a degenerate 35-amino-acid motif. PPR genes exist in high copy numbers in plant genomes and are generally thought to act as genespecific transcriptional regulators of cytoplasmic genes (Small and Peeters 2000; Lurin et al. 2004; Nakamura et al. 2004; Kotera et al. 2005) . Although a growing number of PPR genes have been characterized (Schmitz-Linneweber and Small 2008) , the functional importance of many of them remains unclear, although most, if not all, are targeted to the chloroplast or mitochondria (Lurin et al. 2004) . The molecular action of PPR genes varies and includes RNA editing, stability, cleavage, and splicing (Schmitz-Linneweber and Small 2008) . Recent studies suggest that the expansion of PPR genes in flowering plants may be due to several waves of retrotransposition (O'Toole et al. 2008) and that a subset of PPR locations across the genome may be highly dynamic (Geddy and Brown 2007) .
The evolutionary dynamics of CMS have been well documented in gynodioecious plant populations, which maintain both females and hermaphrodites within populations (Frank 1989; Hanson 1991; Charlesworth and Laporte 1998; Budar et al. 2003; Wright et al. 2008b) . However, any outcrossing hermaphrodite plant population is susceptible to invasion by cytoplasmic mutants that increase female fertility by causing male sterility. Indeed, many instances of CMS have emerged from wide intraspecific or interspecific crosses, suggesting the exposure of a hidden evolutionary history of CMS and the fixation of nuclear restorers (Fishman and Willis 2006; Case and Willis 2008) . Furthermore, it is possible that cryptic polymorphisms exist for cytoplasmic alleles that have more subtle effects on male fertility with nuclear-encoded suppressors of this activity. In contrast, we would not expect to find any evidence for cytonuclear conflicts in highly inbreeding species since pollen sterility mutations will reduce female fertility as well (Fishman and Willis 2006; Wright et al. 2008b) .
A recent study of genomewide patterns of DNA sequence variation at 77 loci in the outcrossing model plant Arabidopsis lyrata provided preliminary evidence that a number of PPR genes show unusual diversity patterns consistent with the action of diversifying selection (Ross-Ibarra et al. 2008) . In particular, the PPR genes included in the study generally exhibited high silent-nucleotide diversity, as well as high levels of between-population differentiation. One PPR locus, At1G74600, also exhibited significantly elevated levels of range-wide differentiation when applying a demographic model fit to the data, suggesting the action of disruptive selection and/or local adaptation on this locus. Interestingly, this locus, as well as several other PPR loci from this sample, share detectable amino acid similarity with CMS fertility restorers in rice (see below). If there is diversifying selection acting on some PPR genes in A. lyrata, this may reflect ongoing evolutionary dynamics associated with cytonuclear conflict. To investigate this possibility further, we performed maximumlikelihood and further coalescent and permutation-based tests of selection on this complement of seven singlecopy PPR genes and surveyed variation at flanking regions to test whether the PPR locus is the direct target of selection. In addition, we surveyed polymorphism at the same regions in the highly selfing A. thaliana. Our prediction was that, if selection associated with cytonuclear conflict drives the unusual diversity patterns, then we would not see comparable evidence for selection in flanking regions or in a related selfing species.
MATERIALS AND METHODS

Targeted PPR loci:
We made use of a polymorphism data set from coding regions of 7 PPR genes and 50 ''reference'' genes from six populations of A. lyrata (Ross-Ibarra et al. 2008) . To generate this sample of 57 loci, disease resistance genes, which have been hypothesized to be under pervasive selection, were removed for all analyses. The PPR genes studied included At1g03560, At1g59720, At1g74600, At2g28050, At2g36980, At3g62890, and At4g14190, with locus names based on designations from the A. thaliana genome project (Arabidopsis Genome Initiative 2000). These loci include representatives of all three major subclasses of PPR genes as identified by Lurin et al. (2004) , including the P class (At1g03560, At2g28050, At4g14190), the E/E1 subclass (At1g74600 and At2g36980), and the DYW subclass (At1g59720 and At3g62890). Of these loci, BLASTx searches of the translated nucleotide sequences to the protein database (Altschul et al. 1997) reveal that four PPR genes (At1g03560, At1g74600, At2g28050, and At4g14190) show significant sequence homology to fertility restorers cloned in rice (Kazama and Toriyama 2003; Komori et al. 2004; Wang et al. 2006) , although, in terms of motif arrangements, At1g74600 is not from the P class, which is the most common motif arrangement found in the vast majority of fertility restorers (SchmitzLinneweber and Small 2008) . Recently, At1g59720 was functionally characterized in A. thaliana as playing a role in RNA editing at multiple sites in the chloroplast (Okuda et al. 2009) .
For this study, these seven loci were also sequenced in 48 accessions of A. thaliana (details below). Additionally, to expand our regional surveys of diversity around our target PPR fragments in A. lyrata, 7 primer pairs were designed from additional fragments within these genes, as well as 20 primer pairs in flanking genes (supporting information, Table S1 ). Flanking regions were chosen to be as physically adjacent as possible to characterize the heterogeneity in polymorphism across the focal region. All amplified regions were situated within exons and range in size from 200 to 700 bp in length. Three of these flanking loci (At1g74580, At1g74630, and At4g14170) were also found to be PPR loci. Primers for each of these flanking genes were designed using the A. thaliana genome (Arabidopsis Genome Initiative 2000). With the subsequent release of the A. lyrata genome assembly (http:/ / genome.jgipsf.org/Araly1/Araly1.home.html), we were able to use BLAST searches to confirm the primer positions flanking our targeted PPR loci in this species and to calculate physical positions within A. lyrata.
Europe and the midwestern United States, were used ( PCR and sequencing: We employed a direct sequencing strategy, using single large exons for PCR amplification and sequencing to minimize the chance of unreadable sequences caused by insertion/deletion variants as described in RossIbarra et al. (2008) . Each exon was submitted to a BLAST search of the genomic survey sequence database (http:/ / www.ncbi.nlm.nih.gov/BLAST/) to check for the presence of orthologous regions in the shotgun genome sequence of Brassica oleracea (Altschul et al. 1997) . These orthologous regions were aligned to the A. thaliana genomic sequence to identify conserved regions for primer design. PCR primers were designed with the aid of PrimerQuest (Integrated DNA Technologies; http:/ /biotools.idtdna.com/primerquest/) to amplify 650-to 750-bp fragments for sequencing using the same forward and reverse primers. Primers were also submitted to a BLAST search against the A. thaliana genome to ensure amplification of a single-copy region.
PCR reactions were carried out in 25-ml volumes on an Eppendorf Mastercycler. The cycles were as follows: 2 min at 94°, 20 sec at 94°, 20 sec at 55°, and 40 sec at 72°for 35 cycles, with a final extension time of 4 min at 72°.
Sequencing reactions were carried out by Lark Technologies (Houston, TX). Chromatograms were analyzed using Sequencher 4.6, using the ''call secondary peaks'' option to aid in the identification of heterozygous sites. All chromatograms were checked manually for heterozygous nucleotide positions, using the sequence from both strands to confirm putative heterozygous sites. Nucleotide sequences have been deposited in GenBank (accession nos. GQ343552-GQ344403).
Gene family exclusion: BLAST searches of our fragments to the A. lyrata genome assembly (http:/ /genome.jgipsf.org/ Araly1/Araly1.home.html) confirmed that our PPR genes and flanking regions were single copy, meaning that nucleotide divergence was sufficiently high with other gene family members that cross-amplification was highly unlikely. Furthermore, none of the PPR genes showed a pattern of fixed heterozygosity (i.e., all samples showed a heterozygous base) from direct sequencing, suggesting that we had successfully amplified single-copy loci. In addition, each of the seven PPR genes in A. lyrata in each of two heterozygous individuals were cloned to again ensure the absence of a gene family. PCR was performed on each PPR gene in two different individuals, and the product was cleaned using a Qiagen QIAquick PCR purification kit. The cleaned PCR product was visualized on a 1% agarose gel, and a ligation reaction was carried out using an Invitrogen TA cloning kit. Transformation reactions were performed using Invitrogen One Shot Top Ten competent Escherichia coli cells. The cell cultures were grown on ampicillin-resistant X-GAL-stained agarose plates. White colonies were screened using a colony PCR technique, and 8-10 positive clones for each individual were sequenced by Lark Technologies. Analysis of the generated sequence revealed segregation of two haplotypes, while any deviations may be accounted for by PCR recombination.
Finally, results from segregation analysis in the mapping population (Hansson et al. 2006 ) confirmed that we were amplifying single genomic regions, and not gene duplicates, for the following loci: At1g03560, At1g59720, and At1g74600.
From the combination of these results, we are reasonably confident that we have successfully amplified only single-copy loci.
Data analysis: Synonymous and nonsynonymous sites were identified by aligning each fragment to the corresponding fragment in the A. thaliana genome sequence, identified using BLAST (Altschul et al. 1997) , and by using the protein annotation from A. thaliana. Standard population genetic analyses of the sequence data were carried out using both the program DNAsp Version 4.0 (Rozas et al. 2003 ) and a modified version of Polymorphurama, Perl script, written by (Bachtrog and Andolfatto 2006) . Significant departures at individual PPR genes were assessed by comparing the average pairwise differences (p) (Tajima 1989 ) and Tajima's D (Tajima 1989) at both synonymous and nonsynonymous sites for each locus to the empirical null distribution for the 50 reference genes. In addition, permutation tests for mean summary statistics across PPR genes were conducted by resampling 7 loci from the full 57-gene data set, including PPR loci and reference genes from A. lyrata. Using 100,000 permutations, we calculated the proportion of times the mean value from 7 permuted loci was as high or higher than the observed mean from the PPR genes. In A. thaliana, permutation tests for summary statistics were conducted by resampling 7 loci from a 116-locus reference gene data set, which was generated by using a subsample of published data from Nordborg et al. (2005) . These subsampled loci were selected to have a minimum of 80 synonymous sites for polymorphism analysis. For each of these 116 loci, polymorphism data from coding regions were analyzed from the same set of 48 individuals used in our PPR resequencing study.
Levels of differentiation, as measured using Wright's (Wright 1969 ) F ST , were calculated using estimates of the average pairwise synonymous differences, and p syn was calculated using Perl script for each of the six A. lyrata populations and for the total A. lyrata data set. Loci for which we had data in at least 10 chromosomes in each population were included in the estimates. In A. thaliana, each of the populations (as defined by Nordborg et al. 2005) consisted of six to eight individuals, and p syn was calculated using DNAsp Version 4.0 (Rozas et al. 2003) . To estimate global differentiation, we calculated F ST using the formula of Hudson et al. (1992) . In addition, F ST values for each pair of populations were calculated using Perl script written by J. Ross-Ibarra (University of California, Davis, CA).
A maximum-likelihood HKA (mlHKA) test was performed using the mlHKA program (Wright and Charlesworth 2004) . This model is based on the HKA test that evaluates the fit of polymorphism and divergence to expectations under the neutral theory (Hudson et al. 1987) . Under the neutral theory, within-species diversity should correlate with between-species divergence (Kimura 1983) . The HKA test utilizes polymorphism data from within a single species and sequence divergence data from a related species to compare the relative amounts of polymorphism and divergence across multiple loci. The mlHKA test allows for a test of selection at individual loci or for a class of genes in a similar multilocus framework. Between-species divergence was calculated using Jukes-Cantor-corrected synonymous divergence from A. thaliana. We restricted this analysis to those loci for which we had sequence information for individuals from each of the six populations in A. lyrata. The program was run under a strictly neutral model for a total of 2 million chains, followed by a selection model in which the 7 PPR genes were designated candidate genes for the action of selection, again for a total of 2 million chains. Significance was assessed using the likelihood-ratio test where twice the difference in log likelihood between the models is approximately chi-squared distributed with 7 d.f., corresponding to the difference in the number of parameters between the neutral model and the selection model. Note that, if only a subset of the PPR genes is under selection, this test, which assumes the independent action of selection on each PPR locus, should be conservative.
Although mlHKA tests for unusual patterns of diversity while controlling for divergence, the demographic history of A. lyrata may have inflated the variance in diversity beyond that assumed under the standard neutral model. To test for elevated diversity at PPR genes while controlling for both divergence and demography, we therefore employed coalescent simulations under the demographic model for these populations as inferred by Ross-Ibarra et al. (2008) . Briefly, this model assumes an ancestral population that splits into six daughter populations, each of which experiences a bottleneck, followed by a recovery to current population sizes. We simulated this demographic history using point estimates of each parameter in the model (see Table 1 of Ross-Ibarra et al. 2008) . Each locus was simulated using this model, but the population mutation parameter was rescaled for each gene by a factor K s i /K s average , where K s i is the per-site synonymous divergence between A. lyrata and A. thaliana at locus i and K s average is the average synonymous divergence across loci. In this way, each locus has a distinct mutation rate estimated by the amount of between-species divergence. Allowing for locusspecific mutation rates provides a more conservative test for selection, since the variance across loci in diversity can be explained by mutation rather than by selection. We ran simulations 10,000 times for each of the 53 loci used in the mlHKA analysis using the program msstats, which reads in data from the coalescent simulation program ms and calculates several common summary statistics (Hudson 2002; Thornton 2003) . For each simulated data set, we calculated p and Tajima's D values. We then calculated the average p and Tajima's D values at the seven simulated PPR genes and compared it with the global multilocus average. These ratios were calculated for our observed data at synonymous sites, and significance was assessed by comparing to the simulated distribution. In addition, observed p Syn and Tajima's D synonymous values of each individual PPR locus were compared with the simulated distribution for that locus to assess significance for individual loci.
RESULTS
Levels of diversity and differentiation at PPR genes in A. lyrata and A. thaliana: Levels of diversity and differentiation were calculated for both PPR genes and genomewide using 57 (50 reference and 7 PPR) nuclearencoded loci in A. lyrata (as described by Ross-Ibarra et al. 2008 ) and 116 nuclear-encoded loci in A. thaliana (as described by Nordborg et al. 2005) . Each of the 7 PPR genes in this study was resequenced in 48 individuals in A. thaliana, representing a subset of those population samples used by Nordborg et al. (2005) to allow for direct comparison of the levels of diversity and differentiation in PPR genes in these two different species (Table S2) . Table 1 shows synonymous and nonsynonymous nucleotide diversity for the seven original PPR gene fragments and the genomewide patterns for both A. lyrata and A. thaliana. In A. lyrata, both synonymous and nonsynonymous diversity levels were significantly ele- vated at PPR genes in comparison with the genomic distribution. The mean value of both p syn and p nonsyn at PPR genes showed a significant elevation compared to a permuted mean from seven random loci from the entire polymorphism data set (P , 0.001). Individually, six of the seven PPR genes showed significantly elevated p syn values when compared to the genomewide distribution, including all four loci that share sequence homology with rice fertility restorers (At1g03560, At1g74600, At2g28050, and At4g14190). In contrast, there was no significant increase in the levels of synonymous diversity at PPR genes in A. thaliana. However, p nonsyn at PPR genes showed a significant elevation compared to a permuted mean from seven random loci in the A. thaliana reference polymorphism data set (P , 0.05). Synonymous and nonsynonymous nucleotide diversity for the 7 PPR gene fragments and the genomewide patterns for A. lyrata were also calculated for each of the six A. lyrata populations used in this study (Table S3 ). The mean value of both p syn and p nonsyn at PPR genes showed a significant elevation compared to the genome average in Iceland, Germany, and Sweden. p nonsyn at PPR genes also showed a significant elevation compared to the genome average in Russia. When examining individual genes, 12 of 42 (29%) gene-population combinations showed elevated synonymous diversity, while none showed signicantly reduced diversity within populations (Table S3) . One caveat with this latter result is that low within-population diversity is common in the reference genes (Ross-Ibarra et al. 2008), providing little power to detect unusually reduced polymorphism. In addition, 11 of 42 (26%) gene-population comparisons showed elevated nonsynonyous diversity (Table S3) .
We investigated the site frequency spectrum in each of the PPR genes by calculating Tajima's D at synonymous and nonsynonymous sites (listed in Table 1 ). Both the mean synonymous and nonsynonymous Tajima's D for PPR genes were significantly elevated compared with the permuted mean of the entire multilocus data set in A. lyrata (P , 0.001). In addition, At1g03560 and At1g74600 showed individually significant Tajima's D values in comparison with reference genes (Table 1) . Within populations, Tajima's D was less often significant (Table S3) ; only 2 of 42 (5%) gene-population comparisons were significant at synonymous sites, and the mean Tajima's D was not significantly elevated within individual populations. However, the average nonsynonymous Tajima's D was significantly elevated in Germany. No elevation of Tajima's D was observed in A. thaliana.
Levels of population differentiation at synonymous and nonsynonymous sites, as measured using F ST , are shown in Table 1 . Although no individual locus showed elevated F ST syn compared with the empirical null distribution, the mean F ST syn for PPR genes in A. lyrata was significantly elevated compared with the genome average (Table 1 ; P , 0.05). Although F ST nonsyn was not significantly elevated, the trend suggested a mean value higher than the permuted mean (Table 1) . Neither F ST syn nor F ST nonsyn were significantly elevated for PPR genes in A. thaliana, and, as with A. lyrata, the trend suggested a mean value higher than the permuted mean (Table  1) . Three loci, however, At1g03560, At2g28050, and At2g36980, individually displayed significantly elevated F ST nonsyn values in A. thaliana. F STsyn for both PPR genes and the genome average was calculated for each pair of populations in A. lyrata. Of the 15 possible population combinations, the average F STsyn in PPR genes was significantly elevated above that of the genome average in Canada-Russia, GermanyCanada, Germany-United States, and Russia-United States while F ST nonsyn in PPR genes was significantly elevated in Canada-Russia, Germany-Canada, Germany-United States, and Sweden-United States ( Figure  1 ). Thus, in both cases, $30% of F ST 's are significantly elevated, although it should be emphasized that these Figure 1 .-Pairwise population differentiation at synonymous and nonsynonymous sites. The population differentiation parameters F ST syn (A) and F ST nonsyn (B) for both PPR genes and the genome average were calculated for each pair of populations in A. lyrata. F ST values were calculated using estimates of the average pairwise synonymous differences, p syn (A), and estimates of the average pairwise nonsynonymous differences, p nonsyn (B), where p is the average number of pairwise differences between two individuals. Statistical significance as estimated using permutation tests is indicated by an asterisk.
tests are not independent, given the recurrent use of individual populations.
Estimates of diversity calculated while controlling for divergence: While our initial analysis suggested elevated diversity at PPR genes in A. lyrata, it is possible that this increase in diversity is due either to the action of balancing selection maintaining polymorphism at these loci or to an increased mutation rate. While the elevated Tajima's D and population differentiation suggest diversifying selection, we wanted to investigate further the possibility of an elevated mutation rate, particularly since the variance in F ST and Tajima's D can be influenced by locus-specific heterozygosity (Tajima 1989; Beaumont and Nichols 1996) , which could potentially influence our statistical comparisons of PPR genes with reference genes.
If diversity was elevated in PPR genes due to a higher mutation rate, we would expect this to be reflected in high divergence at these genes. As shown in Figure 2 , diversity still appears elevated in PPR genes compared to the genome average in A. lyrata when compared with loci having similar divergence. To explicitly test for elevated diversity at PPR genes controlling for divergence, we employed a mlHKA test (Wright and Charlesworth 2004) . The mlHKA test is based on the HKA test, which uses multilocus nucleotide data to test for neutral evolution by comparing within-species diversity and between-species divergence (Hudson et al. 1987) . Under this framework, a model allowing selection on PPR genes as a class shows a significant improvement over a model that assumes that all genes are neutral ( Table 2) . Estimates of the parameter k, the degree to which diversity is decreased or increased relative to neutral expectation, shows values generally .1, indicating a general elevation of diversity relative to divergence (Table 2 ). k value estimates of each of the PPR genes in A. lyrata as calculated using mlHKA, where k is a measure of the degree to which diversity is significantly elevated or reduced in comparison with neutrality.
Although mlHKA controls for differences across loci in mutation rate, it does not account for inflated variance in diversity due to demographic history. In particular, previous work has inferred that A. lyrata populations have experienced recent severe population bottlenecks, which may contribute to excess polymorphism at a subset of loci. To explicitly control for this, we made use of demographic inferences from the approximate Bayesian compuation implemented for these populations by Ross-Ibarra et al. (2008) . We simulated the inferred population bottlenecks and subsequent recovery in six independent populations, all derived from a single ancestral population, and accounted for differences in population mutation rate by scaling each locus by synonymous divergence. Consistent with our other approaches, the observed ratio of synonymous diversity at PPR genes relative to the total data set is significantly elevated compared with simulated data sets, and six of seven individual loci show evidence for significantly elevated polymorphism (Table 1, Figure S1 ). In addition, the average Tajima's D and the Tajima's D value at At1g03560 and At1g74600 show significant elevation (Table 1, Figure S2 ). Diversity estimates at PPR genes and their flanking regions: According to our hypothesis, PPR genes should be the direct target of selection, and diversity levels should be lower in genes surrounding them. To test this, we analyzed diversity in the regions surrounding each of the seven PPR genes in A. lyrata. In each case, diversity was calculated in 100-bp overlapping windows. Figure 3 shows p syn at each of the seven PPR gene fragments used in this study as well as p syn at seven fragments within these PPR loci and 20 fragments adjacent to the PPR genes. For a number of loci, particularly At1g03560, At1g59720, At1g74600, and At2g28050, p syn can be seen to peak at the PPR gene fragment and decay with distance from the PPR gene. DISCUSSION A number of PPR loci surveyed were found to display elevated levels of polymorphism, excess high-frequency variants, and in some cases elevated among-population differentiation in comparison with neutral loci in A. lyrata. Taken together, these results suggest the action of diversifying selection on some PPR genes in this species. Given the putative function of these loci as regulators of cytoplasmic genes and the sequence similarity of some of them to fertility restorers in CMS, our results suggest that there may be selection associated with ongoing coevolution between cytoplasmic and nuclear genes. The lack of comparable evidence for selection on these loci in the highly selfing A. thaliana is at least consistent with the hypothesis that these unusual diversity patterns are reflective of cytonuclear conflict in the outcrossing A. lyrata. The one exception is evidence for a slight but significant excess of nonsynonymous polymorphism in A. thaliana; given this pattern in the absence of any other evidence for selection, this could reflect a relaxation of selective constraint on this class of proteins relative to the other genes sequenced. A dominant challenge in molecular population genetic studies is distinguishing the role of locus-specific selection from other factors that can create a high variance in diversity, such as population history and variation in mutation rates (Wright and Gaut 2005) . In this study, we used four approaches to test for selection on PPR genes in these populations while controlling for other potential factors influencing diversity. First, our nonparametric approach made use of the multilocus data set to generate an empirical null distribution against which to test candidate genes. This approach indicated that the average diversity, Tajima's D, and F ST values for our PPR genes show significant elevation compared with the reference loci and that six of our seven PPR genes show individual diversity levels in excess relative to the empirical null distribution. Since demographic factors are not expected to act specifically on a particular class of gene, this approach should be robust to the historical factors inflating the variance in diversity across loci. Second, our analysis of flanking regions generally provides supporting evidence that the elevated diversity is particularly localized at the PPR genes themselves. Third, mlHKA suggests that mutation rate differences alone cannot account for the excess diversity. Finally, our simulation-based approach that controls for both variation in mutation rate across loci and the inferred demographic history supports our conclusions that this class of gene shows unusually elevated diversity.
An advantage of the fourth approach applying coalescent simulations is that both demographic history and heterogeneity in mutation rates are controlled for in the same analysis. Although the simulations performed by Ross-Ibarra et al. (2008) suggested that the demographic model alone provided a good fit to both the mean and the variance of diversity statistics, these simulations allowed for locus-specific mutation rates inferred only from diversity patterns. The previous analysis was thus not constrained in plausible mutation rates by divergence between species. In other words, the previous simulation approach allowed all differences in levels of diversity across loci to be explained by differences in mutation rate. Our results for PPR genes here suggest that the demographic model alone may not explain the entire variance in diversity statistics, once mutation rates are scaled by divergence. As multilocus data sets accumulate for this species, it will be interesting to re-explore the extent to which heterogeneity in diversity patterns in A. lyrata can be explained by demographic history alone, or whether hitchhiking is common across the genome.
In this study, we have taken the approach of studying PPR genes as a class, since neutral demographic processes are not expected to affect a particular set of genes differentially, which may allow for increased power to detect recurring selection acting on a gene family. Since there can be low power to detect many types of selection (Thornton and Jensen 2007) , examining a set of genes subject to shared selective history should enhance the ability to detect selection (Bakker et al. 2006) . Unsurprisingly, however, the signature of balancing selection is not consistent across all of our PPR genes. At2g36980, for example, does not show any patterns suggesting elevated diversity. Furthermore, only two individual loci show significantly elevated Tajima's D values, although an additional three show values considerably higher than the multilocus average. Finally, several PPR genes flanking our target loci do not show prominent signatures of selection (Figure 3) . PPR genes, many of which show severe knockout phenotypes, are thought to play a role in post-transcriptional processes through an RNA-binding mechanism and have been implicated in a variety of essential functions. Thus many of these loci are likely to be subject to neutral patterns of diversity and molecular evolution and may not be subject to coevolutionary interactions with their cytoplasmic targets.
High nucleotide diversity in range-wide population samples can be indicative of two types of selective processes, collectively called balancing selection by molecular population geneticists (Charlesworth 2006) . First, frequency-dependent selection and heterozygote advantage can selectively maintain high polymorphism within populations and may (although not necessarily) also distort the site frequency spectrum toward an excess of high-frequency variants (Charlesworth 2006) . Second, local adaptation and spatially varying selection across populations can also act to maintain high levels of species-wide diversity, giving a signature of balancing selection (Charlesworth 2006) . Given the evidence for a general excess of both diversity and differentiation, spatially varying selection may predominate. On the other hand, we did observe high withinpopulation polymorphism at several PPR loci, and single-locus tests reveal little sign of high differentiation (Table S3) . Nevetheless, simulation results indicate that local selection coupled with migration can also lead to excess within-population polymorphism (Charlesworth et al. 1997) , and the power to detect local adaptation from single-locus tests may be low in a highly structured species such as A. lyrata (Ross-Ibarra et al. 2008) .
One possibility for a mode of selection on some PPR genes is local selection for regulation of populationspecific cytoplasmic alleles. Given the evidence for elevated between-population differentiation, particularly between European and North American population pairs, it is possible that distinct cytoplasmic variants arise in individual regions, contributing to regional directional selection on PPR alleles. An alternative possibility is frequency-dependent selection; increases in the frequency of cytoplasmic mutants that reduce male fertility, either quantitatively or qualitatively, could select for rare PPR alleles. As the suppressor increases in frequency, this favors rare cytoplasmic variants, and thus the rare restorer alleles, and could act to maintain variation over long evolutionary timescales.
Our primary hypothesis is that PPR genes are under selection mediated by cytonuclear conflict. However, an alternative is that there is selection for compensatory nuclear mutations in response to the fixation of slightly deleterious cytoplasmic mutations. Cytoplasmic genomes typically have reduced effective sizes relative to the nuclear genome, and we have recently shown evidence supporting the expected fourfold reduction in effective size in cytoplasmic genes relative to nuclear genes in A. lyrata (Wright et al. 2008a) . In animals, patterns suggesting higher amino acid fixation rates in the mitochondrial genomes of species with small population sizes are consistent with the existence of a significant class of mildly deleterious amino acid mutations (Popadin et al. 2007) . Postglacial bottlenecks in A. lyrata (Ross-Ibarra et al. 2008 ) might drive the fixation of slightly deleterious cytoplasmic mutations, leading to the selective fixation of compensatory nuclear alleles. It has recently been hypothesized that the tremendous expansion of PPR genes in plants may in part reflect compensatory evolution for the fixation of deleterious cytoplasmic amino acid mutations (SchmitzLinneweber and Small 2008) . If the local fixation of deleterious amino acid mutations in cytoplasmic genes has occurred in A. lyrata, local directional selection may be acting on PPR genes to silence these changes. Recent evidence that one of our target loci, At1g59720, functions in RNA editing at multiple sites in the chloroplast (Okuda et al. 2009 ) is consistent with this. Finally, changes in PPR genes could mediate adaptive cytoplasmic mutations without any corresponding changes in cytoplasmic genes; given the low mutation rate in both plant mitochondria and chloroplasts, PPR modifications of cytoplasmic proteins may be an important engine of adaptive evolution, irrespective of coevolutionary interactions.
If local adaptation and balancing selection on cytonuclear interactions are in fact prevalent in A. lyrata, we would expect to commonly expose cytonuclear fitness effects during reciprocal crossing experiments, particularly between populations. Our observed excess of differentiation at PPR genes between European and North American populations suggests that crosses between regions may provide an opportunity to unmask cytonuclear effects on male fitness in this species. If such patterns are indeed uncovered, these highly polymorphic PPR loci represent important candidate genes contributing to cytonuclear epistasis in fitness.
Clearly, PPR genes have been shown to have diverse functions, and genetic studies and direct functional characterization of more of these loci are clearly essential. Nevertheless, our population genetic data provide preliminary evidence that cytonuclear conflict may be prevalent in outcrossing hermaphrodites and may play an important role in the structuring of genomes and genetic variation. This complements other recent genetic and population-level studies of CMS variation in natural populations of Mimulus, which suggest the prevalence of cytonuclear conflicts in outcrossing plant populations (Fishman and Willis 2006; Case and Willis 2008 
